The apical-basal axis of the early plant embryo determines the body plan of the adult organism. To establish a polarized embryonic axis, plants evolved a unique mechanism that involves directional, cell-to-cell transport of the growth regulator auxin. Auxin transport relies on PIN auxin transporters [1] , whose polar subcellular localization determines the flow directionality. PIN-mediated auxin transport mediates the spatial and temporal activity of the auxin response machinery [2] [3] [4] [5] [6] [7] that contributes to embryo patterning processes, including establishment of the apical (shoot) and basal (root) embryo poles [8] . However, little is known of upstream mechanisms guiding the (re)polarization of auxin fluxes during embryogenesis [9] . Here, we developed a model of plant embryogenesis that correctly generates emergent cell polarities and auxin-mediated sequential initiation of apical-basal axis of plant embryo. The model relies on two precisely localized auxin sources and a feedback between auxin and the polar, subcellular PIN transporter localization. Simulations reproduced PIN polarity and auxin distribution, as well as previously unknown polarization events during early embryogenesis. The spectrum of validated model predictions suggests that our model corresponds to a minimal mechanistic framework for initiation and orientation of the apical-basal axis to guide both embryonic and postembryonic plant development.
Summary
The apical-basal axis of the early plant embryo determines the body plan of the adult organism. To establish a polarized embryonic axis, plants evolved a unique mechanism that involves directional, cell-to-cell transport of the growth regulator auxin. Auxin transport relies on PIN auxin transporters [1] , whose polar subcellular localization determines the flow directionality. PIN-mediated auxin transport mediates the spatial and temporal activity of the auxin response machinery [2] [3] [4] [5] [6] [7] that contributes to embryo patterning processes, including establishment of the apical (shoot) and basal (root) embryo poles [8] . However, little is known of upstream mechanisms guiding the (re)polarization of auxin fluxes during embryogenesis [9] . Here, we developed a model of plant embryogenesis that correctly generates emergent cell polarities and auxin-mediated sequential initiation of apical-basal axis of plant embryo. The model relies on two precisely localized auxin sources and a feedback between auxin and the polar, subcellular PIN transporter localization. Simulations reproduced PIN polarity and auxin distribution, as well as previously unknown polarization events during early embryogenesis. The spectrum of validated model predictions suggests that our model corresponds to a minimal mechanistic framework for initiation and orientation of the apical-basal axis to guide both embryonic and postembryonic plant development.
Results and Discussion
Concerted Feedback Loops Link Auxin Sources to Coordinated PIN Polarization Data-driven computer models have been developed to study postembryonic plant patterning such as organogenesis, leaf patterning, or root development [10] [11] [12] [13] [14] [15] [16] [17] . Despite that, no theoretical modeling framework for plant embryogenesis is available to date, thus limiting efforts to identify mechanisms for generating early polarization and patterning events in plants. We used an in silico approach to address potential mechanisms underlying the emergence of polarity and patterning during early embryogenesis. Our model integrates (1) a positive auxin feedback on PIN transcription mediated by TIR/AFB nuclear auxin receptors [4, 6, 18, 19] and (2) a negative effect on the internalization of PINs from the plasma membrane via extracellular auxin sensing [20] ( Figure 1A ). The extracellular perception might depend on the apoplastic pool of AUXIN BINDING PROTEIN 1 (ABP1) that is known to activate downstream ROP-based signaling [21, 22] . We have demonstrated that these concerted intra-and extracellular feedback loops [23] predict polarized canalization of auxin flow, e.g., during leaf vasculature patterning [24, 25] .
To test the model behavior and robustness, we performed computer simulations on a single-cell layer representation (e.g., a line of cells) with initially uniform (nonpolar) PIN plasma membrane localizations ( Figures 1C-1J ). We varied model parameters and initial conditions such as the placement of the auxin source. If auxin production took place in the leftmost cell of a cell file ( Figure 1C , green arrow), asymmetric PIN localization, referred to as PIN polarity, was dynamically aligned toward the right-end of a cell file away from the auxin source ( Figure 1C , blue arrow). This mirrors PIN polarity away from an auxin production typically observed during leaf venation patterning, shoot branching, or tissue regeneration processes [23, [26] [27] [28] [29] . However, a contrasting output occurred when uniform auxin production with nonuniform (noisy) concentration fluctuations was introduced. PINs polarized toward cells with the highest auxin concentration ( Figure 1D ), similar to situation during organ initiation at the shoot apical meristem [30] . This PIN polarity toward auxin convergence maxima was further enhanced by saturating receptor occupancy resulting from high auxin levels in the apoplast that is shared by cells adjacent to these auxin maxima ( Figure 1D) . Furthermore, the predicted number of spontaneously generated, evenly spaced auxin peaks depended on number of simulated cells (Figures 1D-1F ). This model was robust with respect to auxin degradation, auxin transport rates, and receptor dissociation rates (Figures 1G-1J ; 610-fold). However, the complete removal of the neighboring cell competition for extracellular auxin receptors yielded nonpolar PIN localizations ( Figures 1A and 1J ). Model parameters are described in Tables S2 and S3 (available  online) . Notably, this model could account for contrasting PIN polarization behavior toward and away from the auxin maxima using a single mechanism operating on different cellular auxin content that was so far missing in previous models [11, 13] .
A Basal Auxin Source Is Sufficient to Polarize the Early Embryo for Apical Auxin Maximum Next we tested whether our model ( Figure 1A ) predicts the polarization of auxin transport that underlie sequential establishment of apical and basal embryonic axis poles [8] . To perform simplified model simulations of early embryogenesis with the approximated complexity of cell growth by static embryo templates, we extracted embryos at the one-, two-, eight-, 16-, and 32-cell stages of their development from confocal microscopy images (Figures 1B and S1) using the MorphoGraphX software [31] (http://www.morphographx. org). We included the option to vary the location and strength of auxin-producing cells (auxin source) in the embryo model. Simulations of each developmental stage were initiated with a nonpolar PIN localization and uniform auxin concentrations.
When a hypothetical auxin source was positioned at the base of a one-cell embryo (consisting of a basal and an apical cell) to imitate an auxin inflow from the maternal tissues, the model predicted PIN polarity to the apical side of the basal cell pointing away from this basal source (green asterisk in Figure 2A ; Movie S1), exactly as observed in planta for PIN7 protein [8] . No PIN polarity was predicted in the apical cell, whose apical cell membranes represent the embryo boundary with a no-flux condition. In accordance, so far no experimental data show a polar PIN localization in one-cell embryo. Thus, only PIN7-dependent auxin transport occurs in the basal cell of the one-cell embryos generating auxin accumulation in the apical cell both in in planta [8] a ubiquitous and nonpolar PIN1 distribution in the two-cell and eight-cell proembryo ( Figures 2C and 2F ) [8] . These simulations on the earliest stages of embryogenesis showed that a basal auxin source coupled to feedback regulation of PIN polarities faithfully predicts auxin fluxes away from the maternal tissue toward the future embryo apex and auxin accumulation there.
Simulations with a Basal Auxin Source Predict Early PIN Polarity in Protoderm Cells
Next, we simulated the embryo model on a realistic 16-cellstage embryo template ( Figures 2D and 2E ). Simulations predicted persistence of PIN7-like polarity in the suspensor toward the proembryo ( Figure 2D) . Notably, the model predicted emergent PIN1-like polarity of outer proembryo cells (protoderm) toward the proembryo apex ( Figure 2D ). This previously unappreciated PIN1 polarization resulted from a rapid PIN-dependent auxin inflow constrained by proembryo boundaries and would represent the earliest polarization event in proembryo preceding the known PIN1 basal polarity in the inner proembryo cells at the globular stage [8] . To test this prediction in planta, we performed PIN1 immunolocalization visualizing PIN1 at apical membranes of protoderm cells at 16-cell stage ( Figures 2G and 2H , white arrowheads). Apolar PIN1 in both protoderm and inner cells was rarely observed (one out of 106 16-cell embryos). Notably, we regularly observed polar PIN1 in both protoderm and inner cells (88/ 106) and polar PIN1 in the protoderm but apolar in inner cells (17/106). However, we never observed the opposite situation with a polar PIN1 localization in the inner cells and apolar in protoderm ( Figure 2G ; Table S1 ). Thus, our feedback-based model with a basal auxin source predicted PIN polarity in the suspensor and the protoderm of early embryo stages.
However, these model simulations integrating a single auxin source did not generate the subsequent PIN1-like localization to the basal membranes of the inner proembryonic cells (Figure 2E ; Movie S4).
An Additional Apical Auxin Source Is Required for Auxin Transport Switch and Establishment of the Basal Auxin Maximum
Experimental observations showed that in young globular proembryos, PIN1 polarizes to the basal membranes of inner cells, an event preceding and being required for specification of the future root pole at the basal end of embryonic axis [8] .
Hypothetically, an additional auxin source, located at the proembryo apex, could reverse auxin flow in the proembryo by generating a switch in PIN polarity. To test this hypothesis, we simulated a second source placed at the uppermost cells of the proembryo in the 16-cell embryo after initial protoderm PIN polarity had occurred ( Figure 3A) . The introduction of a second auxin source ( Figure 3B ) at this unique embryonic position sufficed for PIN1-like basal polarity in the inner cells. Consequently, the model predicted a downward auxin flow and auxin accumulation at the root pole ( Figure 3B ; Movie S5) and basal repolarization of PINs in suspensor cells (Figure 3B) . Predicted PIN polarities were maintained in the simulations of 32-cell embryos ( Figure 2C ; Movie S6) regardless of the particular choices of model parameters, artificial geometry of embryo templates, or cell volumetric ratios ( Figures S2I-S2S ). Moreover, simulations of mutants with impaired auxin transport ( Figures S2J and S2U) , with no extracellular auxin perception ( Figure S2T ), and with randomly placed auxin sources ( Figure S2V ) displayed aberrant PIN polarities and auxin distribution patterns, indicating that embryo patterning largely depend on these processes [8, 32, 33] . Notably, the Color coding for auxin concentration and PIN levels at the plasma membrane is as in Figure 1B . Scale bars represent 10 mm. See also Figures S1 and S2 and Movies S1, S2, S3 and S4.
assumption of a less effective PIN7-mediated auxin transport from the auxin maximum as compared to PIN1-mediated supply to this cell from the proembryo as derived from different ''transporting surfaces'' [8] was necessary to predict welldefined auxin maxima at root pole but not PIN polarities ( Figure S2W ).
Experimental Validations of Model Predictions for PIN Polarity and Auxin Maxima
To validate model predictions, we examined the correlation of PIN1 polarity in inner embryonic cells with the activity of auxin response reporter DR5:N7-Venus [34] during embryogenesis. In 16-cell embryos, apolar PIN1 in the inner cells (note the stronger PIN1 signal at more-recent cell boundaries between inner cells and protoderm) is concomitant with a weak auxin response maximum exclusively in the proembryo (11% of 16-cell embryos, n = 44; Figures 3D and 3G ; Table  S1 ). At the same developmental stage, PIN1 progressively localized to the basal membranes of the inner cells facing the future root pole (72% of 16-cell embryos, n = 44; Figure 3E ). This PIN1 polarization preceded the shift of the DR5 auxin response maximum to the root pole (Figures 3F and 3G ; Table  S1 ). These observations show that PIN1 polarization toward the embryo base occurs at a sharply defined moment at the 16-cell stage and immediately precedes the establishment of the basal auxin maximum, fully agreeing with model predictions. The central importance of the secondary auxin source in the proembryo was further experimentally validated by the accompanying study [35] , demonstrating that its absence leads to severe defects in PIN1 polarity and in basal auxin maximum formation, exactly as predicted by the model ( Figure 2E ).
Conclusions
We propose a model of the plant embryo that generates an experimentally verified pattern of cell polarities and sequential auxin response maxima from an apolar starting situation.
Model simulations indicate that a basal auxin source at the one-cell stage (for example, provided by maternal tissues) is sufficient to trigger polarity of PIN7 auxin transporters toward the apical cell where auxin accumulation and downstream responses mediate the specification of the apical pole of the embryonic axis, the proembryo ( Figure 4A ). As the proembryo develops, protoderm cells display PIN1 polarity toward the proembryo apex, where a second auxin source arises ( Figure 4B ). This secondary source triggers PIN1 polarity in the inner embryonic cells and directs auxin to the basal pole for root specification ( Figure 4C ). The close agreement between the model predictions and experimental observations [8, 35] suggests that a coordinated local auxin production occurring at opposite ends of the plant embryo and feedback mechanisms suffices for orienting the embryonic axis for auxin-guided patterning of basal and apical embryo poles. Intra-and intercellular feedback loops at the core of our model are realized by biologically traceable molecular components such as the TIR1/AFB nuclear auxin receptor [4, 6] and the ABP1 putative extracellular auxin receptor [20, 33] acting upstream of the associated ROP-GTPase-dependent signaling pathway [21, 22] . We believe that this embryo modeling framework can be further extended to address other molecular components and mechanisms acting in concert or parallel with auxin flux-based mechanisms, such as the involvement of mobile transcription factors in radial patterning [36] or root pole specification [37] . The presented model can be easily adapted for analogical situations of new growth axes specification and tissue polarization during later stages of embryonic or postembryonic development, such as de novo organogenesis, thus providing a valuable tool to test various hypotheses related to different aspects of plant development. Table S1 , and Movies S5 and S6.
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